Introduction
It is well known that tundish is the best place to decrease inclusions in the continuous casting process. Nevertheless, YUE Qiang et al. 1) claimed that the inclusions in the range from 20 to 50 μm had an nearly the same low removal efficiency, the value is less than 20% in tundish with traditional flow controllers. Accroding to Karl A Knster's report, 2) the mass force of inclusions, which were smaller than the Kolmogoroff-scale of coherent eddies, can be ignored; the motions of those inclusions were fully controlled by turbulent flow entrainment and trajectories remained consistent with liquid steel in tundish. And, Lopez-Ramirez et al. 3) proposed a relatively consistent viewpoint that the small inclusions do not have enough buoyancy force to float and reach to the slag layer.
The flow pattern in tundish directly affects the inclusion removal, particularly to the inclusions with dimensions less than 50 μm. For multi-strand tundish, because of its long horizontal length and different distances between the long nozzle and every strand outlet, the flow control is particularly difficult. In order to obtain ideal fluid flow characteristics, many investigations have been carried out in
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KEY WORDS: eight-strand tundish; tunnel filters; RTD curves; velocity fields; inclusions. multi-strand tundishes by physical or mathematical modelling. [4] [5] [6] [7] [8] And some research achievements, such as baffles with inclined holes, dams and turbulence inhibitors, have been applied in industrial production. From the simulating results, the flow control devices did prolong the average residence time in tundish and reduce the differences among every strand. However, the results of industrial experimental showed that those tundish configurations had no significant effect on the removal of small inclusions.
Gas bubbling curtains technology, as one of the effective ways to remove small non-metallic inclusions in tundish, has long been a hot spot of the metallurgists all over the world. [9] [10] [11] The principle behind this device is that generating an upper flow to take inclusions toward the slag layer, and the smaller inclusions are easy to float when they were trapped by bubbles. Nevertheless, the potential hazards of pinhole bubble formed in billets may exist in the application of gas curtains. As a result, the spread and utilization of gas bubbling curtains was limited seriously.
Installing filters in tundish is another high-efficiency method for removing inclusions and purifying liquid steel. Klaus RAIBER et al. 12) claimed that loop filters of 2 mm string diameter removed larger particles nearly completely and also to the inclusions smaller than 5 μm. And, the similar conclusions had been attested by many other metallurgical researchers. 13, 14) However, the application of filters in mass production is limited because of higher cost and short service life.
In the present work, we designed a tunnel type filters aiming to promote the removal of the inclusions with dimensions less than 50 μm. The objective of this work was to study the effects of tunnel filters install location and turning corner angle on the velocity filed, heat transfer in an integrated eight-strand tundish. And industrial experiments were carried out to verify the results of simulation.
Tundish Configurations
In the present study, the fluid flows under steady state in an integrated eight-strand tundish with five different tundish configurations were investigated respectively. The schematic of the tundish configurations were illustrated in Figs. 1-3 . Half of the tundish was shown because of the symmetry about the inlet plane. 
Experimental

Physical Modeling
In order to insure the fluid flowing between the model tundish and prototype tundish for isothermal and non-reactive systems similar, geometrical and dynamic similarities must be satisfied between the two vessels. In the present work, a one third scale model, geometrically similar to the prototype, was established to simulate the fluid flow in tundish. Dynamic similarity requires that the Reynolds number and Froude number in the model should be equivalent to those in prototype, respectively. Based on different research methods, Sahai and Singh 15, 16) proposed respectively that the magnitude of Re number under turbulent flow range in different tundishes were very similar. Therefore, Fr number between the model and prototype tundish was maintained to be equivalent in this work.
According to the Froude similarity criterion, the main parameters of prototype and model tundish were calculated and listed in Table 1 .
It is an important way to assess fluid flow in tundish through the study of residence time distribution (RTD). In the physical modeling experiments, the RTD curves were obtained by the stimulation-response method. Before measuring, the tundish was filled with water to the depth 0.267 m. After attaining steady-state flow condition, a total of 200 ml NaCl solution as tracer was injected into the tundish through ladle shroud. Meanwhile, seven conductive probes, which were installed separately under the tundish outlets and at the holes in baffles, were used to measure the conductivity variations with time, that is, residence time distribution curves. The schematic of the experimental apparatus was shown in Fig. 5. 
Numerical Simulation
The mathematical model is based on the assumptions of continuum hypothesis which implies that the values of physical property are continuous functions of position and time. For liquid phase calculations, the molten steel in tundish was treated as steady incompressible viscous fluid; the melt surface was assumed to be flat; the effect of surface slag and secondary oxidation were neglected. The flow fluid in tundish was computed with a series of governing equations including continuity, momentum, energy and standard κ-ε equations, and all of them could be found in references. 17, 18) The main parameters of physical property and empirical constant employed in this modeling were listed in Table 2 .
No slip conditions were applied to all solid surfaces, which including baffles, dams, walls of cylindrical extruded tubes, surfaces of turbulence inhibitors and filters, and body walls of tundish. And the standard wall function was used to incorporate the variation due to turbulence. At the free surface and symmetry plane, the fluxes of all variables were set equal to zero. Outlet was assumed to be uniform flow and only vertical component of the velocity through the cross-section is considered. The inlet velocity was vertical to the inlet plane and it can be calculated according to the flow rate and the area of inlet cross-section. The other boundary and initial conditions employed in the present investigated tundish were listed in Table 3 . 19) Considering the symmetry of tundish, one half of the tundish was taken into consideration for speeding up the calculation in computation process. The set of fundamental equations were discretized with the Finite Volume Method in a computational domain and solved with the help of above boundary conditions using the commercial CFD software FLUENT 14.5. An implicit scheme with segregated solver was applied. The solution was judged to be converged, when the normalized residuals of all the variables were less than 10
. Figure 6 present the RTD curves obtained in physical modeling and mathematical simulation in original tundish (case 1). As shown in Fig. 6 , the RTD curves predicted by numerical simulation is in good agreement with that from the water experiments, which means that the results from the mathematical simulation are reasonable.
Results and Discussions
Validation of the Computational Model
The Characterization of Flow Zone by RTD
Curves In this study, the eight-strand tundish was considered as two serial sub-multi-tundishes. The outlet flow of every strand for sub-tundish b are equal, that is Q b1 = Q b2 = Q b3 = Q b4 . Nevertheless, the flow rates for sub-tundish a are various, because the diameters are different for each hole in baffles. The ratio of the available volume for the two multi-strand tundishes is 0.18. This research model for continuous casting tundish is schematically illustrated in Fig. 7 . The residence time distribution (RTD) obtained from the three conductive probes, which were installed at the holes of baffles, reflected the flow characteristics in sub-tundish a; The RTD curves obtained from the four conductive probes, which were installed under the outlets of tundish, reflected the flow characteristics in the integrated eight-strand tundish. So as to facilitate the analysis, the fractions of plug flow, mixed flow and dead volume in sub-tundish b were gotten by calculating.
The fluid which stays in the tundish for a period longer than two times the mean residence time is considered as the dead volume. The average residence time for a given tundish at a constant volumetric flow rate remains constant. The larger dead volume in the tundish at the expense of other fluid has a shorter residence time. For the faster moving melt, there is not enough time to separate and float out the non-metallic inclusions, and the slow moving melt may loose sufficient. The combination of the plug flow and mixed flow volumes were termed as an active volume. In the ideal plug flow region, there is no longitudinal mixing, but there may be transverse mixing to any extent; A plug flow is in favor of the floating and removal of inclusion. Actually, it is almost impossible to realize the ideal plug flow in the tundish. The mixing in the mixed flow region of tundish is maximum; A mixed flow is beneficial for the chemical composition and temperature uniformity of molten steel, and it also promotes the collision and coalescence of inclusions. For better flow characteristics, the tundishes should have fewer dead volume, larger plug and mixed flow.
For multi-strand tundish, a model proposed by Zheng S G and Wang X Y, 20) was employed to characterize the melt flow by calculating the fractions of plug flow, dead volume and mixed flow volume in this work. 
. (3)
Where N is Number of tundish flow, t N, min is the response time, t N, max is the time to obtain peak concentration, t N is the actual mean residence time, τ is the theoretical mean residence time. 
Q Q C (t)dt C (t)dt
... (6)
The flow characteristics obtained from RTD curves analysis were shown in Table 4 and Fig. 8 . As can be seen from Table 4 , the difference between the highest average residence time and the lowest value is 88 s, which mean that there is a large difference in flow characteristics among every strand in former tundish configuration. Compared to case 1, the difference between the highest and lowest average residence time lowered by at least 19 due to the use of tunnel filters, which indicated that the flow filed uniformity of tundish with tunnel filters was improved significantly.
Whereas, the tundish with tunnel filters have larger dead volume and lower mixed flow fraction in comparison to the former tundish configuration. Seemingly, the application of tunnel filters lead to a worsening of performance for the tundish. For further analysis, we suppose that the tundish was divided into two serial sub-multi-tundishes by baffles: sub-tundish a and sub-tundish b. We found that the sub-tundish a in tundish with tunnel filters have lower dead volume and larger plug volume and mixed flow fraction, which is favorable to the inclusion collision, aggregation and float up, compared to that of former tundish configuration.
As can be seen from Fig. 8 , the tundish with 120° tunnel filters (case 4 and case 5) have lower dead volume fraction in comparison to the tundish with rectangular tunnel filters (case 2 and case 3), which indicated that the corner angle of tunnel filters has great influence on the dead volume fraction, especially for sub-tundish a.
It also can be found that the plug volume of total tundish among case 2, case 3, case 4 and case 5, are nearly equality which is slightly higher than case 1. Further more, the sub-tundish a in case 2 has larger plug volume and sub-tundish b has smaller plug volume in comparison to case 3, and the same phenomena was obtained when compare case 4 and case 5. The results showed that the install location of tunnel filters has a great influence on the assignment proportion of plug volume between sub-tundish a and sub-tundish b. In other words, the tunnel filters installed long distance to pouring point raise the the plug flow fraction in sub-tundish a.
The sub-tundish a in case 4 has the smallest dead volume, larger mixed and plug volume fraction, which is favorable to the inclusion removal; sub-tundish b has a larger mixed volume, which is beneficial to the flow field uniformity. Based on the comprehensive analysis from physics simulations, case 4 is considered to be the optimal tundish configuration according to the analyses of physics simulations. The experimental RTD curves for former tundish and the optimal tundish configuration were shown in Fig. 9. 
Analysis of Numerical Simulation Results
Computed temperature contour plots at the cross passing through the tundish nozzles in five considered tundish configurations were shown in Fig. 10 . It can be easily seen from the Fig. 10 , the tunnel filters has strong influence on temperature distribution. Due to the effect of tunnel filters, the temperature gradient of molten steel among the four outlets reduced from 10 K to 6-8 K, respectively. According to the calculations, case 4 and case 2 have the same small temperature gradient at the exit surfaces. However, in comparison to case 4, the temperature distribution of case 2 is more homogeneous, the minimum temperature of case 2 is 1 821 K, which is 3 K higher than that of case 4. From the perspective of temperature homogeneity, case 2 is the optimal tundish configuration, and case 4 comes second. Figure 11 shows the predicted flow fields at vertical symmetrical plane for the former tundish (case.1) and the tundish with tunnel filters (case.2 and case.4). As can be seen from the picture, in tundish case1, the liquid steel flows down to the turbulence inhibitor from the shroud, turns back after striking the tundish bottom, and then it is divided into two ropes, one flows along the tundish side walls to the free Fig. 10 . Comparisons of temperature fields at the vertical outlet plane. Fig. 11 . Calculated velocity profiles and streamlines of molten steel at the symmetric plane.
surface, the other moving downstream to the rest recirculating back toward the incoming jet. However, asymmetric flows can be found at the two sides of shroud in case 2 and case 4 as a result of tunnel filters. On the left side of the shroud, the molten steel directly goes through the tunnel filters with higher velocity as soon as turns back, and then forms recirculation flows in the casting flow region. Those flow pattern will enhance the plug flow volume and reduce the dead volume by increasing their residence time in subtundish a, which is in agreement with the physical analysis. Besides, the higher velocity flow in tunnel filters well prevents filters clogging caused by inclusions agglomeration. Compared with tundish case 2, the molten steel forms three smaller circulation loops in the casting flow region in tundish case 4, which proves another increase in the average residence time and mixed flow volume. And it is well coincident with the physical simulation.
As we all known, the distribution of turbulent kinetic energy dissipation rate is responsible for the magnitude of the turbulent collision rate constant, which represent the probabilities of collision and coalescence for inclusions. Figure 12 shows the distribution of turbulent kinetic energy dissipation rate at the symmetric plane.
It is clearly seen from the Fig. 12 that the distribution of turbulent kinetic energy dissipation rate is greatly increased due to tunnel filters, especially in the filters channel region. In most regions of sub-tundish a in case 2 and case 4, the distribution of turbulent kinetic energy dissipation rate is about 10 times larger than that of case 1; In the filters channel region, the distribution of turbulent kinetic energy dissipation rate is more 1 000 times larger than that of case 1. It means that there are more opportunities are provided for inclusions to collide and coalesce in case 2 and case 4 compared to case 1. Besides, the distribution of turbulent kinetic energy dissipation rate in case 2 filters channel region is about 6 times more than case 4, which means that the flow patterns in case 2 is beneficial to the inclusions accumulation in comparison to case 4.
However, high turbulence kinetic energy is also associated with shear layer instability and entrainment of slag. In order to clarify this issue, the calculated turbulent kinetic energy fields at free surface of tundish was shown in Fig. 13 .
As seen from Fig. 13 , the highest value of turbulence kinetic energy in free surface of case 1 is nearly equal to that of case 2; the difference is that, the highest value of turbulence kinetic energy was found in the pouring region for case.1; while the location for case 2 was moved to the casting region of sub-tundish a. And, the highest value in case 4 is 5.2e − 05 m 2 /s 2 , which is decreased by about 10 times as compared to case 1 and case 2. Those phenomena indicated that the surface fluctuations level in case 4 is small, and it is least likely lending to slag entrainment in comparison to case 1 and case 2. Based on the comprehensive analysis from numerical simulations, case 4 is considered as the optimal tundish configuration, which is identical to physical analysis results.
The Industrial Experiment
According to the simulations analysis, the industrial experiments have been done with the former tundish configuration and the optimal tundish configuration, and the process conditions are consistent with simulation conditions. The pail and casting samples were taken from the third heat during a casting sequence, and the detail of sampling conditions in industrial experiment was listed in Table 5 and Fig. 14. Table 6 listed the control range of various components of the experimental steel grade.
The morphology of tundish specimens electrolytic extraction were shown in Fig. 15 . As it can be easily seen from Fig. 15 , there are more large particles inclusions in case 4 impact region sample compared to that of case 1; while the number of small particles inclusions in case 4 pouring region sample is fewer than that of case 1, especially for the inclusions with dimensions about 20 μm. This phenomenon is consistent with the inferences of numerical simulation.
The inclusion composition and particle size distribution of casting samples were shown in Fig. 16 . It can be seen that, due to the application of tunnel filters, all > 10 µm inclusions have been removed and the number of non-metallic inclusions in the size range of 5-10 microns was greatly decreases 67.9%. In other words, the tundish with tunnel filters can effectively improve the removal efficiency of small inclusion ( > 5 µm). However, large numbers of inclusions were observed with the tunnel filters in the size range of 1-3 microns & 3-5 microns. One possible reason is that those small inclusions (≤5 µm) were the results of the collisions of smaller particles, most of them were failed to aggregated into larger inclusions and had no time to eliminated from molten steel. There are fewer inclusions in the size less than 1 microns with the tunnel filters than that with former tundish configuration, and this phenomenon confirmed the suspicion above. In addition, it is easy to find that there is a larger inclusion in case 4 pouring region sample, but we can not find any inclusion with diameter more than 10 µm. It indicated that sub-tundish b has the function to remove larger inclusions.
Conclusions
A combined experimental and computational study was carried out to investigate the flow characteristics for better inclusion flotation as well as the flow uniformity in an integrated eight-strand tundish. The effects of tunnel filters install location and turning corner angle on fluid flow characteristics are studied. The simulation inference was verified by industrial experiment, and the following conclusions have been drawn from the present study.
(1) Suppose the tundish available region was divided into two regions by baffles: sub-tundish a and sub-tundish b. The tunnel filters distinguished and enhanced the metallurgical function of each region, that is, sub-tundish a is the inclusion collision and aggregation region and the main metallurgical function of sub-tundish b is uniform the temperature and remove large inclusions; The corner angle of tunnel filters has a great influence on the dead volume fraction, and the install location plays a key role in the assignment proportion of plug volume between sub-tundish a and sub-tundish b.
(2) The sub-tundish a of case 4 has larger plug volume, lowest dead volume fraction, larger distribution of turbulent kinetic energy dissipation rate in symmetric plane, and yet lowest turbulent kinetic energy in free surface, which means that it was more beneficial to the inclusion accumulation and flotation-up compared to other tundish configurations.
(3) The temperature gradient of molten steel in case 2 was the smallest, case 4 comes second. The value of case 4 was controlled within 19 K, which is 3 K higher than case 2 and 6 K lower than that of the former tundish configurations. (4) By overall evaluation and contrast analysis, the case 4, which installed a 120° tunnel filters long distance to the pouring point, was identified as the most optimal configuration. And industrial experiment have proved that the tundish with tunnel filters can effectively improve the removal efficiency of small inclusion ( > 5 µm).
